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Abstract

In this paper, we propose a cognitive beamforming scheme for coexistence of CR (Cognitive Radio) and IR (Incumbent
Radio) systems. In order to maintain the priority of the IR in spectrum utilization, the proposed cognitive beamforming
scheme needs to have the CR not cause any interference to the IR systems occupying the same frequency band at the
same time. In addition, the proposed scheme has to provide maximum channel gain to the CRU (CR User) in a boundary
of satisfying the former criterion. For this purpose, the proposed scheme does not cause any interference to the IRU (IR
User), while the CRU is served without additional radio resource consumption. From simulation, we confirmed that when
using the proposed scheme the CRU does not interfere with the IRU and there is little bit error rate performance
degradation of the CRU as compared to that of the ideal beamforming systemn which does not consider the IR priority.

Keywords : Cognitive Radio, Cognitive Beamforming, Interference Cancellation, Multiple Antenna, OFDM

AA

I.M E Ju7t £ FAAE 71¢2 Fodg & CR A
52 B8 73 AY B4¢ $¥Yoz

ZHQ  (Cognitive Radio; CR)& ol Axd &% HHEE REM (Radio

e,
X
e
5y
)
M

(Awareness), 3% (Learning), %% (Adaptation) 59| Environment Map)ol £3A|A, o|& 7|ute R 34 &

32]% (Learning Algorithm)& AM&-3le] CR A&z}l

T AR, T HAY, sAUSY ARENARTEE A FoAR @A 71 AP A4 wealg ¢ vE
EJSghool 'ff) Electronic Engineering,Soongsil g3 22 AeXoz AT £ de 7€ S 9ndr}
niversity s _ - L

¥ B =Be @RALAEARY AzaTaAqes - o CR7IES 3% AAA Aol o4 ¥R
4 (FAWNE KRF-2007-313-D00519)8] A geoz T4 ZAYE A7 7 (Space), AE (Region)ol] o
01-?—0179. A A o 7_\_—_~Zuiz\/\o O%E_g_o]xs-

Ak 2008939199, SR SEA: 2008339199 Al SRR For FFRE AN



28
Fag A 2EE PINE F led, g gad
23 H2H 5o & Foln HAo FEHoZ
WAzt 7hsste R CR A&flE AHEshe AREAbl A
TR 84 FFelA Hole Aule FE (Quality of

Service; QoS)& HA = 9= Aol Qo A2 A

At EREARRA ZHgn e
d4 CR 7€ A Nzadoz g 2 A8

$18] IEEE 80222 WRAN (Wireless Regional Area
Network) EF3} 7] 771 A4 0|8 FAoz &
& A7 Mg AY o dew? SDR (Software
Defined Radio) £8®| 4= CR Working GroupE &
3 SDR 71¢< 483 Cognitive Engine”# Policy
Engine& MAC (Medium Access Control) AlZd] ¥£3%
ANA AFT 4T AF o}t CR Alz=Hlo] st 7|4 4

TF7F AyH T g ‘4 3k HZ #d] d3rt Ay
I e AAY 5 ’1‘_‘ % HoldlA % Seamlessa}

HAE QoS7t B A28 AFs7] Y8
dsta AFAY 7Hed ( Flexible and Reconfigurable)
! F2E e A& BEE a9,
&9 %% 2 & 7HXe 9% EohAth

T woke ZA 2HE" A4, 1d
Nes 7Re &= g AgEen
2t} 2 (Incumbent Radio; IR) Al
& FX g7 & Az 37 A

+ aE

2~ F;“

A
CR 7

7]€°]

My -y
flo

H
N
.
e
Ak
N

e
>
2
&
rie

i B
k4 j:l

i

It

N

N

1

Hop o

i
ki
uy
tlo

oy H9 T

gl

State Information)
Temperature)® 5& 125} 3l 7+ A
& Ax® geuge H?-*é}gibﬁ 3];9,94 o] €
7bsatA gk wekd 44" CR Al2jle T

Ao E olE A Rooll gt A7t 2F 2
o E};_ & 5 1q a2 @R7kA ) CRel gt
e AT} A7 7)e Ji
Zdn——f GAY] A A& BT ofy
/4=

A

A

fr o N nllo
¢

T

Sy %
>
K-
lm

=
=
ks

o,
iy
o

e o ROy oox oot
P
N,

-
Ol
L

—a
Rz R
"

olo
L
opy

77}
AR

rh”ﬁ

M r2

i re X

=
5
o

Jo
=)
]

oIF| 2ir|29t 7|E 2ol M2”Y ZES 98 eixHl g

(291)

zd 01 Y2 2

A A<l WFE (Cognitive Beamforming) 71582 #et
gt olE Y, B =FdAME $4 Genie-aided CR
A7 e meste Axwl BYG AAEE, o7
% QU] CR #417], 9 <Y IR $417],
283 IR AHEAESE CR AREARE @ qhelube] $24l
717b Zbzt EAjgeh & =2dA AN Aad 2d
AA AH AAAQJA MET 7| H IR Al 4
A& s R AHEAAIE TS d8 oA
wowA, A £ zpde] aEgle] CR AR
dAE Foizl A2 AAHAA HH ol AFS 7}
S8HA 5”3} 2 =82 a3 Zo] FAEUN 0%
dqHE 2 =& o4
VL= g ]]]7“01] e &

% AFgel Ul et
R4 At A2

93t 448 AzY sefvle

AL 1A WEY 7]

¢

=

A=)

nd

=2

IV"*O!]H =
o thel ’é%’ gy,

1. Genie—aided CR Mg Z&
gutgd o CR Aladge e
A4 A ga AAA FF
o2 AAHE3E WekE 7]2o2 gt o] g 7]
A HT YE B3 CR A28 R A 2Eo]
gk At FAE Fakr IS AMREE AL B
g}, ShAlR 54 Azt AHEH Zo] EAF}A
e A9o% CR AMEAZL HolH dEg 878 7
7182421 CR HZ ¥8& F3ME CR 52 Hﬂl
7t FdEE AL 4% £ QU ok ol FAE
ZH317] 93} N. Devroye 52 [7T~8[oA EU3F
Azt 59 FoE & HoHE A4
AreEth 1
ko] Exjsie 7}
o .o

R}
&
e E,‘]O]'J—-V- 9»&

> o W ~l° H2 011'

0]

PN
™ M
1

[¢]
veg

Genie-aided CR g
7 e SAGI F oA F4A

@3t o9 Genie-aided CR A9
o] Genie-aided CR g E2& e FA (
271 Ty, CR $47] T3 5 719 4% (R $41
7] R;, CR $417] RS2 o|Fz 7H4 Ad= A
e, 7|4 T= AFVIZ dod wrA T &
Genie® &3 vzl & ¢ Ak AR gch a2, [7~8]

F}'—- r\r rir rf n

T

|
-

5

AH 248 AAY CR $47] T, A9 AEAY
g B3 04 9% 93NL + QA Bk 99, I



20084 3 TASHE =X M 45 A TCEHH 3 & 29

Before After
0
. N
o IN) /V\/\' R /\A/\"' .
I X :"
i (-
_ i Genie N '
> ’r J lnterference
Y r\_J
0
& @ L /\/\/\v
Wishes te R, 5§
transmit
a8 1. F oHel Sty £ Jie| $Aleo| EXRsE

Genie-aided CR =2 9| of
Fig. 1. An example of the genie-aided CR channel
with 2 senders and 2 receivers”®,

A9l 7H4 A9} 0|23 Genie-aided CR Y 2
o] Aol CR 41719 WA 217 (Knowledge)ol
gtk o] dWAA AAE CR A2H9 SHo2RE 7}
53 Ak &, 9 CR 447 7,7t R 447 7,8
ARHoz el ok, a9 Tk YRR A
N 1ol Q8 A WAAE 2 BgT

2. YEtHol | E A4nelE

% 294+ Grassmannian WX 7juke] #HHF
X (Closed-loop) MIMO-OFDM (Multiple Input
Multiple  Output-Orthogonal  Frequency  Division
Multiplexing) Al&=®9] &5 folojaflg =Asa
ATk o A|AEE FRATA &R Ve § vt
%% WE (Beam Weight VectoN® T4® Z=H
(Codebook)& ©]&3}= Grassmannian HEE-E A
gk Folx Ad BAoNA A=R AE FE o] &3t
HAel ) 715A WE we FATAdA o3t 2ol
Mg

w= argmax, ¢ | Hx, || * (D

A71M, He}t x; (i=0,---, V& 747 Ad P23 =

;

"] Gotebonk

Z18 2. Grassmannian ZE2 Z{dgkel MIMO-OFDM Al
28 25 clojof O

Fig. 2. Block diagram of a MIMO-OFDM system based
on the Grassmannian beamforming.

(292)

=8 AE F oA ® 7R dEE Jehdoh
Grassmannian PEG A FAGL 2] (DE o834
o Wl 7tFx HEE Mesta $ATe R o] W
o g gwe A FEN Ak F YA
HHZ2 T Z=ER AEZTH d™8E 3§ b
A HE g AL wpgt $ATGO R Hujof st AR
HR HE £5 [log, V] & #2AZ = Ut 2
222, Grassmannian ¥ S *}%3}% H 4 FZ
MIMO-OFDM Al 28& A4 o5& Hoigsta A3
HEFE FRHOE ZAAH F JOoBE & F4
+ 5282 A3E 5+ gn

II. A28 29 3 m2io(E

el X ¥ xR 7PEE AAEH] Y8, £
| N Genie-aided CR A7 ¥e mejstdet. o
3ZRH & & AR, o] Ede uF <tHUe
CR-BS (CR-Base Station)® ©@¢ <Heue] IR-BS,
El" CR A&} IR AMEALE 98 9 EIv
Oi :rL g_r;]. EEs]. CR ;\]J\al,,]. IR }\]/KFJ]
%l??} Azl B3 Fo5 dE9e AG3n A=
qert.

A AXe diolgrE AdsEe AdS Yehdd,
ZHE AE AES Yehdie, 54 AF Ad
ebdith. =8 CR-BSE IR AHEALe)] dHiolg] A%
A8 HEE Genie-aided LS 53 &1 Utz
743tk IR AHAHE CR-BSERH FAHE 714 A
39 A9 AW h,S ?Jl?l-/\l?u, CR AgAr=
CR-BSZHH +4%% 459 Ad AR h o R A
$xke] R-BSEZHE $AHE 24 Az A Bn

o
Sl

oo 41 W
r%-%mz.dﬂ-b
T

iy

_\2 o ox
T

‘ IR CSI (h,,) \
> |
‘E - lf IR-BS y \~\’“~~._!’f,-_c- h" -------- 1 4 Y IRU
E B e
e Lot "
£l N e —>Y]
= w CR- : h CRU
BS |7
M |
A RO )

a8 3 Herd  olx|FMel di=mgl JiHE g
Genie-aided CR xi'd 7|gte| A|AR 2H

Fig. 3. System model based on the genie—aided CR
channel for the proposed cognitive beamforming
scheme.



30
E 1. IEEE 80222 WRAN A|AHEIZ 2/ OFDM Al
g ml2lolg] ME
Table 1. An llustrative set of the OFDM system
parameter for the IEEE 80222 WRAN
system'®.
Alzg g E 7 MHz
Hukgs 7k 3906 Hz
FFT T3t 256 psec
FFT Apo] = 2048
B3 Hutesel 5 368
ALEE = Bulgato] & 1680
dlo]g Fubgsle] 4= 1440
g8 Fwrgae] ¢ 240

h; & CR-BSZ ARAZh o] F3), CR-BSE #A&
HE 2E Ad YR g ¢ & A A0 =9,
CR AH&AHSH R AMSAFE Zhzhel Hady $9% A
go) dloly sk 44 AE7} FAUGn AP
o 9, B =8AME o9 & 14 Aeld IEEE
80222 WRAN A2 sieteel¢e ahgsigint ¥ 1
€ spte) 7 MHz TV delg dfshe A2ae e
OFDM A28 #ieirlH &S Jebdnh

IV. Metel QIXIMel Y=Y 7|

AT Aol BYF FA5 4L AT A
R A 04 Abg S4AE B3] 99, A
e AR M WEG AP R AHLAAA o e
A = FA olok stol, o|sh Falo] CR -8Rl
A Adel AL oI5 AFH} BTk WA 33l
AR A2y 2de] Ad 4ol R AHgA] 41
A3y CR AR 58 AE yoe 083 2
o] EAHT.

=0

lym] _ [hii hcz] dig ]

Ycr hic hcc chCR (2)
N hudm+hwdep
- [hichR + hchchIJ

71, depst dipe A7 g BS2HE CR AHgat
R APBANA AEsHE dolg Azolm, ML
CR-BS® 41 <tdlve] Aotk hy, hy, h,=
[hci,l hci,? ha,M]Q;L hcc = [hcc,l h’cc,2 hcc.]t!] =

fu

OIx 2it]29t 7|E B2 AAES ZES 8 AR YWREY Y

(293)

AN <

2}

W= [wc,l wc,2 o

dg Fae Ad A

T

.

S4old. 293
S W, p] CR-BS7} Abgste H
Vg3 WEl Lehdn o)A, R AHEAA 3

FA = A9 CR AREA Al Hdle Ad o5
AFsr] fs A Q)% D& BF BEA A d)

3)

T

o
=

L.
=

h.w

ct e

0

(4)

— 2
W, =argmax,cx | h.x |

A714 xE 4 ()2 BEAIE W 71EA WEHSe
Aiold, o] AL WFHAF|7] Y3t 4 (5)8 7o)
A AA A AAEAE ZAoF Ak

1 M
h Z hcz’,mwc.m

ci,1m=2

)

Wep =—
o] uf, IR AHEAY F41 <A FAE 7 A
247 BLE A CR AHEAE A4

4 @ 2ol herac,

M
GCR = Z hcc,mwc.m

=2 L=N{e]
= o]_'ll__
o
=]

m=1
B, M M
= = E hC’i,mei-m + hCC,me,m (6)
hci,l m=2 ' m=2
= h‘cam_hcz’m_ca_ Wem
m=2\ T heia '
T35 IR AHEAREYH FAE 2 ANEe 43S 1
HEtH CR AMHEARY] 4] A3 o A (73 2ol
debd £ glom, ol 4 Q)2 Tl YEid £ it

Yer = dighie + Geopdor

Yeor = dCEwtemphic + dCch,theme +
e dCch,llfhtemp,]l/[

8
wtempg} htemp,ml“: 7zt d]R/dCRg}
ceom ~ PeimPoe1/hein (m=2,- M)& SJulgc},
webA A (8)2 olAHYU WMEHY A Az
Feist vlstez Aol A o558 A7) Y8 A
dE 719 ] AAAE o)A WED Y 2
ol oz AAY + dow, R AH&AGA 1t S
71 7] A8 A AA TkEAe A 69} o] 2H
gl

4714
h



2008 38 HA3EE =RX M 45 A TCHAH I S 31

. =Zojdy v

FAW A FUF T e A

CR A 281 IR Al&do] &3}

> %
QL

=11

s

4

3

Aj2"3 CR A&
BER) A%l dis] 2dde B3 E4590 o
A, ¥ =EAME 204870 FH

OFDM Al&®lS 13313, [EEE 80222 WRAN ©
AR Z2dg A Ad 2eg Agedm, o7
Rayleigh #¢]9& ZH&3dch. F 244 IEEE
80222 BF IFAM AA S WRAN #=2 tF42 =
239 AE A o} Cyclic Prefix 77+ FFT
(Fast Fourier Transform) 7+2] 1/42 AAslg o,

QPSK (Quadrature Phase Shift Keying) ¥% #¥4&
gt T3, FAGAA Qg FHL HEA o]

LT

of

Fojztt 7HAE R eH, CR AH4AE $id $A o
s 370 44l SteluE 1702, IR AVER 4541
telvtE 744zt 1R FAHA.

a8 4 E E/N,ol & IR ALEREe] Fabg A}
€ $AHEE nseE AbE AR A HEZ 7)Y ol
&8 CR AN2€7 R AHEANY S A4 44
& A8 a2SHA 9= o|4A < Beamforming A 228
9] BER 45 Yeh Atk "M & F %ol
AltE 718 (“Proposed’)& FU3 o} £41 otgy
£ AHEEEA R AHEALY] SMEE M3 uskA &
= oAl Wx W (“Ideal 3Tx-1Rx")Ht} BER
o] °F 2 dB 7hat d3E S #UAE F gl g
e} FA QHUE A o] A W
“Ideal 2Tx-1Rx" )Et}= ¢F 4 dB 7} %
& JERATE A¢HE 7Y o3d HF F
ARG Al B A A He M-S 18sr] A Atd

%
ofr

[\l

DA |

E 2 |EEE 80222 WRAN &= sl =dlo| cisd=z
zzael A
Table 2. Multipath profile A of the IEEE 80222 WRAN

reference channel model™®,

Path 1|Path 2(Path 3|Path 4|Path 5/Path 6

Excess Delay
0 3 3 11 13 21
[psec]

Relative
Amplitude [dB]
Doppler

0 -7 | -15 | -22 | -24 | -19

0 {010] 25 | 013 | 017 | 037

Frequency [Hz]

Bit Eror Rate

Bit Error Rate

Fig. 5.

k=)
I
R
2
rO
)
~
12
flo
offt
e
rot,

2

= 2 AHg3HE CR AR
AN g A3ol UF R AR

o
e Wb Ao o]& T & F A%l

AH83hs CR AHEA7E IR AFEAR A

.
A g e % 5

o, Mo
o
=

b Al sdE Fo
B} A CR Alzgo] €
& AT A9 IR AR Al
& uAA &1, CR AHERIAE A
S ATE £ Uss LgHES B &
o}

rir

o
iz
ol
N
i’

o
o

"~ Ideal 2Tx-1Rx
—3— |deal 3Tx-1Rx
—©— Proposed

2 4 6 8 10 12 14 16 18 20 22
Eb/No [dB]

Motz 7|Ha}l ofAtx{el slzalof wWE CR Al
ZXe| BER 4&

BER performance of the CR user by the
proposed scheme and the ideal beamforming.

IR System without CR user
O [R System with CR user

2 4 [ 8 10 12 14 16 18 20 22
Eb/No [dB]

HetEl CR AlARlel R20o| WE R AlAE S
BER &5 H|Il

Comparison of BER performance of the IR
system with or without the proposed CR
system.



32

V. a4 &

# egAE 348 e A9e 18402 A
8917 519 CR ALBAS IR A8V 598 A
9% 255 gge] FEHES T 5 U AXFY
WEY 1YE AT o) F A, Genie-aided CR
A 7ol Aag 2ae AAsgen, £4 WS
5o R ASANAE olfd 24 dBE 74
490H9 2AL WEA BESHUA, o %
Held CR AHgRIAE Hrls) A o5 AT
W AR WEE A 5
2el89 B3, Avd ge
doy|x] ¢, FUYF &
A R A8AS $028 2
g s o 2 @ A
A, 24 $2 QEE AHE
& AY meSA L o4y

¥ ¢ 4 dB 7}%¥ BER A

e

F 4o o ¥
ofo ar e
9k
=R~}

ST R A w S
X
o

o
o
2%
re

&
=

—Ho E oX
- ol

fe
—Y—'I—FH:(

d?_
Ay

b=
_4‘|°ﬂ°'j

0 g
z X

J.L

d
32 of

32
#

of r
o
'102' ol
o
rul; °*‘
Jo
o
ek
A e

Oe
Rl
Mo
rak

[1] B. Fette, Cognitive Radio Technology, Ch. 4,
Newnes, 2006.

http://www.ieee802.0rg/22
http://www.sdrforum.org/

C. Rieser, T. Rondeau, and T. Gallagher,
“Cognitive radio testbed: Further details and
testing of a distributed genetic algorithm based
cognitive engine for programmable radios,” Proc
IEEE MILCOM 2004, vol. 3, pp. 1437-1443
Monterey, USA, Nov. 2004,

S. Haykin, “Cognitive radio: Brain-empowered
wireless communications,” IEEE Jour. Selected
Areas in Commun., vol. 23, no. 2, pp. 201-220,
Feb. 2005.

T. Clancy and W. Arbaugh, “Measuring
interference temperature,” Proc Virginia Tech
MPRG Symp. Wireless Personal Commun.
(MPRG 2006), June 2006.

N. Devroye, P. Mitran, and V. Tarokh, “Limits
on communications in a cognitive radio channel,”
IEEE Commun. Mag., vol. 44, no. 6, pp. 44-49,
June 2006.

N. Devroye, P. Mitran, and V. Tarokh,
“Achievable rates in cognitive radio channels,”
IEEE Trans. Inform. Theory, vol. 52, no. 5, pp.

(2]
(3]
[4]

(5]

(6]

(7]

(8]

OIx| 2tcjest 7|E 22 AlLHe)

(2%)

Mz

1813-1827, May 2006.

D. Love, R. Heath, Jr, and T. Strohmer,

“Grassmannian beamforming for multiple-input

multiple-output wireless systems,” IEEE Trans.

Inform. Theory, vol. 49, no. 10, pp. 2735-2747,

Oct. 2003.

(101 IEEE 80222 Draft Standard, “IEEE P802.22TM
/D037 draft standard for wireless regional area
networks Part 22" July 2007.

[111C. Kim, S. Choi, and Y. Cho, “Adaptive
beamforming for an OFDM system,” Proc
IEEE VTC 1999-Spring, vol. 1, pp. 484-483%,
Houston, USA, May 199.

[12] “WRAN  channel modeling,”
005517, Aug. 2000,

(9]

IEEE802.22-05/



20084 3% HAIZEE =

HREANFs I A}
2006 ~ A AU w
AR EAF 8T
ALy A

<FHAEE : UWB A4 Al2¥ OFDM A=
& Cognitive Radio, MIMO-OFDM >
Z o 234
20063 A o) gk
AR EAN AR} SR §HALL
20083 FA g
HAHEAFEI AL,
<FHAEoF OFDM A 2Hl,

Cognitive Radio>

22X H

(296)

45 ATCHA 3= 33

YSIPN IR
4™ 2(FEAIY) & 2 J|(EA3)
20043 AN w 20063 SA o
HAEFAHAF S Al R FAARF R SHA}
2006 A o5k 2006 ~3 A SAsn

B RFN T
atahy A e

A 228l Cognitive Radio>

o

vl

1987

Al eHAFY)
A& atiL
QA 387
N goeta
AA-E 8k A AL
University of Texas at
Austin H7|E2HFH
383} whA}
1992\ d ~1994xd 228 A3 MCC (Micro-
electronics & Computer Technology
Corp.) A7+E4AY9 Member of
Technical Staff
19949 ~ 84 AT PJRENALZ
335
<F@{i &k CDMA % OFDM =4, UWB &
& A" MIMO A&7 A&x38], Cognitive
Radio>

3},
19894

1992d

M=)
R



